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Abstract
A thulium (Tm3+) doped tellurite glass with a composition 7 5 TeO2 -2 0 ZnO-5 Na2 O (mol %) 
has been investigated. Two attractive emission transitions at 1470 nm and 1810nm were 
absorbed and the radiative lifetimes are 0.37 ms and 2.64 ms respectively. The 1470 nm 
fluorescence is broad with a full width at half maximum of 105 nm. The emission spectra 
achieved under 785 nm excitation reveal the existence o f energy transfer via cross 
relaxationTm3+. As a result, the intensity of the 1470 nm transition band decreases in relation 
to that o f emission at 1810 nm, as thulium concentration increases. Anew technique was 
applied to calculate cross relaxation 3 H4 , 3 H6 —► 3 F4 , 3 F4  utilizing emission spectra has been 
proposed. Obtained values o f cross relaxation showed linear dependence with dopant 
concentration and good agreement with the cross relaxation parameter extracted from lifetime 
measurements. Thulium energy level rate equations involving pumping rate, cross relaxation 
parameter and lifetimes for both levels 3 H4  and 3 F4  have been solved and the results 
compared with the expel data. Excellent agreement is found between simulated and 
experimental data, which indicates the validity of the approach.
Structure of the thesis
The structure of the work implemented in this study will be divided into five chapters. The 
first chapter will contain an introduction in which will state about different applications of 
using ~ 2 micron laser source. In this chapter, it will be explained why using thulium as 
active ion and why using tellurite glass as a host material.
Chapter 2 will outline reviewed topics supporting the following chapters. It will be followed 
by the investigation of structure and features o f tellurite glasses, microscopic and 
macroscopic energy transfer processes, characteristics of the active ions, methods of 
measurements the lifetime and radiative transitions theories.
Chapter 3 will contain the laser modelling procedure. It will start with a choice of pump 
wavelength, followed by a rate equation system, which used in the model. In this chapter, two 
approaches to calculate cross relaxation parameter will be explained. Simulation and fitting 
will be reported as well.
In chapter 4, the thulium doped tellurite glass will be analysed. Absorption and emission 
spectra measurements, lifetime measurements and cross relaxation mechanism will be 
pointed out.
Finally, chapter 5 will present a summary of the investigation carried out summing up the 
conclusions.
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Chapter I
Introduction
Most of what we know about lasers and optical amplification comes from studying 
the interaction o f electromagnetic radiation and matter, which makes spectroscopy a 
fundamental technique in understanding some related processes. Rare earth ions 
doped glass materials are the applications in which the interaction of light and matter 
can be considered. The spectroscopy o f rare earth element doped glass material is of 
great interest for many science researches. Therefore, a comprehensive investigation
3+on Tm (thulium) doped glass material spectroscopy was carried out in this thesis. 
Studying spectroscopic properties o f the Tm3+ doped glass material can contribute to 
the improvement of behaviour o f some photonics devices performance and designs.
Extensive investigations o f infrared lasers have been conducted in many laser fields, 
where various lanthanide dopants and host materials have been developed to target 
optical amplification in the infrared wavelength region. Infrared laser at wavelength 
region from 2 pm to 12 pm find big interest. This region offers a wide range of 
applications include remote sensing, medicine, and earth, atmosphere and ocean 
observation[l].
Remote sensing is one of various techniques that used to collect and measure optical 
properties. Thus, x-radiation, earth and atmospheric observation, and magnetic 
resonance imaging are all examples o f remote sensing. Light detection and ranging 
(LIDAR) , one o f the most known technology employed in remote sensing that 
measures properties o f scattered light. This technique is similar to radar (Radio 
Detection and Ranging), however the main difference between them is that LIDAR 
uses much shorter wavelengths o f the electromagnetic spectrum. Another important 
remote sensing application is for using Doppler Radar for monitoring of speed limits 
such as wind speed [2,3]. Remote sensing can divided into types: passive and active 
remote sensing. The passive sensors detect the radiations that are emitted or reflected 
by the object. Examples of this kind o f sensors include radiometers, infrared, and 
film photography. On the other hand, the active sensors emit energy in order to scan 
objects then detect and measure the radiation that is reflected from the target. RADR
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is an example of active remote sensing. Light detection and ranging as application of 
remote sensing data is used to detect and measure the concentration o f different 
chemicals in the atmosphere, and can be used to measure the distance to, or other 
properties of a target by illuminating the target with light.
Differential Absorption LIDAR (DIAL) is a technique for monitoring of a particular 
gas in the atmosphere, such as carbon dioxide and water vapour [4]. DIALs are 
essentially dual -  laser beams based upon different wavelength, one beam is 
absorbed by the gas o f interest and the other is not absorbed. By taking the absorbent 
energy difference between the two beams, concentration of the gas can be evaluated 
as a function of range. DIAL technique relies on the unique absorption spectrum of 
each molecule. An absorption measurement is made with laser light, at a peak of
-5 j
absorption and at a trough, giving a differential signal. Using Tm (thulium) and
3_l_ 3_j_
Tm - Ho (thulium-helium) doped solid-state lasers operating at ~ 2 pm in 
differential absorption lidar has been reported [5, 6 ]. Several researches of lasers 
operating around ~ 2 pm have been developed in the surgery field [7] as well as 
various other medical applications [8 ].
Among all rare earth elements, thulium (Tm3+) as one of the best active ions is an 
obvious candidate for infrared domain applications. It is of interest because of its 
broad emission spectrum and its interesting emission in the 1 . 8  pm spectral region. 
In addition Tm3+ has advantage of absorption at 790 nm which is available using 
commercial diodes. Another important feature is the so called “Cross-relaxation” 
process in which for each pumping photon yields two ions in the upper laser level. 
This is benefit for 1.8 pm transition and providing pump quantum efficiency close to
3"b 3 3 • •200%. Because o f Tm emission at S-band which occurs for the H4 —» F4 transition, 
Tm3+ doped glasses and fiber amplifiers has significant attracted interest in 1.4 pm 
broadband application [9]. In Tm3+ system, lasing close to 2 pm wavelength area 
finds several possible applications making them an invaluable device. Lasers 
operating at around 2  pm are easily and quickly absorbed by water, thus they have 
particular character in the medicine field, where they are used for the precise cut and 
ablation of biological tissues [10-12]. In addition 2 pm lasers are good choice for 
light detection and ranging application [13]. Various glasses including silica, 
fluoride, germinate have been used as laser host material. An alternative host 
material is tellurite glass. Amongst o f all oxide glasses, tellurite have the lowest
phonon energies (~ 750 cm '1), which lead to increase in optical efficiency and 
decrease in probability o f non-radiative multiphonon decay. Another feature of 
tellurite glass is high rare earth ions solubility comparing with silicate and germinate 
hosts. In fact the concentration quenching effects in tellurite glasses is less than other 
hosts due to their multiplicity of structural units: TeC>4 bipyramid, TeC>3 pyramid, and 
polyhedron [14]. Moreover, tellurite glass as a heavy metal oxide glass combines 
good mechanical stability, chemical durability and a wide transmission window, 
which make them the best choice for photonic applications [15-19]. Through these 
properties, tellurite glasses are performed well at wavelength domain where other 
heavy metal oxide glasses do not. A number o f literatures have reported on the 
implementation of tellurite glasses in optical devices systems [20-22]. Much 
attention has been considered to Tm3+ doped tellurute fibers and glasses, because of 
providing highly coherent light sources and multiple wavelength regions at 1.5 and 2 
pm [23]. However laser development relies on accurate modelling and comparison of 
different glasses require being able to know the main spectroscopic quantities over a 
large interval of Tm3+ ion concentrations. Different Tm3+ concentrations samples 
from 0.36 up to 10 mol% have been studied to find an optimum Tm3+ concentration 
value and optical properties of Tm3+ doped glass samples were investigated under 
pumping at 785 nm.
In this study, cross relaxation parameters were calculated based on the extracted 
formulas from the rate-equation system. Two techniques were used for measuring the 
cross-relaxation parameter ( C r ) .  In the first one the C r  was calculating by using data 
from the measurement of the experimental lifetime of the 3 H4  level. The second 
technique is investigation the steady state emission of radiation from both levels H4 
and F4 . These two approaches are discussed in chapter three. A simulation was 
carried out to see how cross relaxation parameter influences the emission intensities 
o f H4  and F4 levels. An example of this simulation has been reported in the third 
chapter of this thesis. Fluorescence decay measurements were conducted as well to 
determine the lifetimes of the 3 H4  and 3 F4 manifolds as a function of the Tm3+ ions 
concentration.
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In this spectroscopic investigation one of the important aspects is concerns of 
different concentration of Tm3+ doped tellurite glasses in order to identify the 
required thulium doping level to develop a compact Tm-doped tellurite fiber laser. 
To achieve this target, it is very important to understand the rare earth ion 
concentration, because of its impact on lifetime values and energy transfer 
mechanisms. The high concentration improves quantum efficiency, because of a 
good overlapping between emission spectrum of the sensitizer and absorption 
spectrum of the activator. However, reverse cross-relaxation mechanism occurs over 
a specific concentration level. To ensure robust single-frequency operation a compact 
cavity is needed and therefore to generate power in excess of few hundred of mW, 
high active ion concentration is needed.
Aims and Objectives
In this thesis, a spectroscopic investigation of Tm3+ highly doped tellurite glass has 
been carried out. Various features, optical properties and characteristics of thulium 
and tellurite are outlined in this work. Analysing of the equations system and the 
associated numerical modelling of three level laser system is another aspect o f the 
aims. The objective o f this thesis was spectroscopic investigation of thulium doped 
tellurite glass technique to improve the quantum efficiency o f this laser system. The 
present investigation concerns of tellurite based host composition (TZN). The TZN 
host composition was doped with active ions in different concentrations. High 
doping concentration increases quantum efficiency due to good overlapping between 
sensitizer absorption and acceptor emission spectra. However, a concentration 
quenching processes take place over a certain concentration values.
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Chapter II
Glass - Tellurite glasses
Introduction
Glass can be doped with rare earth ions which give it special photonic properties. 
Several advantages include excellent homogeneity, unique structural and 
thermodynamic features make glasses have great potential for photonics. The 
transition from a viscous liquid to a solid glass is called “glass transition” and the 
temperature corresponding to this transition is called “glass transition temperature” 
(Tg). Its transformation into crystal occurs if  re-heated to a temperature above Tg, 
which in this case called “glass crystallization temperature” (Tx) [24]. For instances, 
there are several important glass systems including oxide glasses (silica, silicate, and 
non-silicate), halide and oxy-halide (fluoride, fluorophosphate) and cholcogenide. 
Glass components can be divided into three different types considering their function 
(network formers, modifiers, and intermediate) [25]. Formers can form a glass by 
itself, while modifiers incorporates into a glass host to restructure and modify the 
glass characteristics, such as the glass transition temperature [26, 27] and the 
nonlinear optical response [28]. The intermediate is possible in case amorphous 
network when added to the network former.
The silica glass has been widely used in the various optical devices [29]. An 
alternative type of host glasses are used for particular applications involved tellurite 
glasses. These glasses exhibit wide transmission region, high glass stability, high rare 
earth ion solubility, low cut off phonon energy o f around 750 cm _1, good resistance 
to corrosion, high refractive index [30]. The previous mentioned features make 
tellurite glasses become promising host for MIR lasers at 2.0 jum wavelength.
Comparing to 880 and 1100 cm - 1  in germinate and silica respectively, the low 
phonon energy feature o f tellurite glass (750 cm -1) allows transmission further into 
the IR.
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2.1. Features of tellurite glasses as a host material
As mentioned at the beginning of this chapter, the tellurite glasses are characterized 
by important features, which will be presenting in some details through the next 
subsections.
2.1.1 Low phonon energy
According to quantum theory, microscopic vibrations in solid media are quantized.
Energy o f vibration occurs in that media are referred as phonons. They influence the 
lifetime, i.e. they lead to very fast transitions between sublevels of manifolds of ion. 
As a result, fast thermalisation o f levels and significant lifetime broadening takes 
place. In addition, phonons can cause multi-phonon transitions between the levels, 
which can reduce the laser efficiency in some cases. The transitions between 
manifolds can be radiative or nonradiative. In some cases quenching of radiative 
transitions takes place [31].
2.1.2 Refractive index
In general the refractive index parameter that determines the optical characteristics of
the material is expressed as relation between speed of light in vacuum and speed of 
light in material concerned. The velocity of light in vacuum is greater than that in the 
medium. The measuring of the refractive index shows us how much the speed of 
light is reduced inside the medium. For example, tellurium oxide (T e0 2) based glass 
has a refractive index (1.95-2.05), which means that in this glass, the speed of 
transformation data can be = 0.5 the speed of light in vacuum. The high refractive 
index o f T e 0 2 results in high absorption and emission cross sections [32].
2.1.3 Solubility
The uniform dispersion of the rare earth dopant in glasses greatly alleviates the 
clustering problem and maintains the efficiency of the laser [33]. The solubility of 
tellurite glass was proved based on the absorption spectrum [34]. In comparison with 
silica, the literature [14,35] pointed out that rare earth ions have a high solubility in 
tellurite glasses [36].
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2.1.4 Transmission range
Tellurite glasses based on T e 0 2have a wide optical transmission range from 0.35 to
5.5 pm. The wide transmission ranges o f these glasses allow the observation of rare- 
earth doped lasers emissions in a large optical range. This feature, coupled with good 
resistance to corrosion and high mechanical stability, make tellurite glasses become 
promising host for mid-IR lasers at 2.0-/mi wavelength [37, 38].
2.1.5 Thermal stability and corrosion resistance
Tellurite glass with network former T e 0 2has good glass formation ability. The
thermal stability of E r3+/ Y b 3+co-doped tellurite glasses were investigated in 
several literatures [39]. Knowing the glass crystallization temperature (Tx) and the 
glass transition temperature (Tg) can help to define the glass thermal stability 
(AT) by the expression AT = Tx - Tg. For fiber drawing AT should be large 
enough, i.e. AT > 100 °C [40]. In comparison with silica in which Tg = 1100 °C, the 
glass transition temperature o f the tellurite is about 300 °C and the crystallization 
temperature up to 470 °C [35].
2 .2 .  S tru c tu re  of te llu rite  glass
To optimize the optical properties of rare earth ions in glasses, it is necessary to 
select suitable network modifier [41]. The existence o f the modifier ions into any 
composition may provide a broad absorption and emission spectra [42]. Using 
modifiers in tellurite composition make it easy to formulation and improve their 
properties [43]. Tellurite glasses accept the following modifiers: alkali oxides (Na2 0 , 
L i2 0 , K2 O), earth alkali oxides (MgO, CaO, BaO), and zinc oxide (ZnO). The 
general formula of the tellurite composition in our study is (TeC>2 , ZnO, Na2 0 ). Here 
Te0 2  is the glass former, which characterises by wide transmission region, good 
thermal stability, low phonon energy and high linear refractive index and nonlinear 
efficient.
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Zinc oxide (ZnO) is more easily integrated inside the system than sodium, because 
the number of replaceable atoms is similar to that in tellurium oxide. The sodium 
oxide content (Na2 0 ) is the glass modifier. The latter can be used to change various 
properties o f the material, such as the glass transition temperature [25].
2. 3. Luminescence properties of rare earth elements
2.3.1 The 4f electron shell
Rare earth ions are divided in two groups. The first one is lanthanides, which starting 
with element of atomic number 57 and ends with element of 71. The second group is 
actinides with atomic number 89 up to 103. As most of the isotopes of the actinides 
are unstable, the majority o f fibers have been doped with lanthanides ions, which 
characterised by stable triply ionised form [44]. The first atomic structure 
calculations have been reported in [45] by M. Mayer, who theoretically explained the 
sharp absorption lines in the spectrum of rare earth. The trivalent state ( 3+) is the 
most common form of lanthanide elements. These trivalent lanthanide ions have an 
electronic configuration identical to Xenon structure, to which a certain number (1- 
14) o f 4 f electrons have been added [46]. Therefore, the electronic states of these 
rare earth ions are determined by the electronic configuration of the 4 fN level. 
Shielding of 4f electrons by the 5S and 5p shells is responsible for 4 f —► 4f optical 
transitions and all atomic properties of the lanthanides. In some literature lists of 
lanthanides ions with their atomic numbers and electronic configurations were 
reported [47].
2. 4. Ion - Ion Interactions
The interactions between active centres can be considered in two approaches. First 
one is microscopic interactions and the second is macroscopic. The former studies 
the theoretical interactions between centres. The latter related to the experimental 
conditions of the ions. Microscopic includes several processes, which are presented 
in the next sections.
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2.4.1 Energy Transfer (ET)
The most important demonstration o f interaction between rare earth ions is the 
energy transfer process. It may occur among different or same type of ions. Energy 
transfer can have a negative impact on the amplification. For example in the situation 
of depletion of the upper state in E r3+ doped tellurite glass. In some cases energy 
transfer can be used positively. For instance in the case o f the infrared pumped 
visible lasers [48]. Energy transfer from an excited ion to a nearby ion in its ground 
state without gain or loss energy is known as resonant energy transfer. It is 
illustrated in Fig.2.1. This kind of ET is characterized by emission and absorption of 
photon between the donor (sensitizer) and acceptor (activator) ions. Probability of 
the resonant energy transfer can be expressed as [30],
p ( R) =  ^   ^• /  g l  (V)g2 (v )dv  (2.1)
Where a a is absorption cross section o f an acceptor, r  is lifetime o f the donor, gi(v) 
is line shape function o f the sensitizer emission and g2 (v) is line shape function of the 
activator absorption. The integral in equation 2.1 explains that excitation can be 
transferred between donor and acceptor ions only if  there is energy overlap between 
them. R represents the distance between two ions. Probability P(R) of the ET 
describes photon trapping as well. This phenomena was investigated in literature 
[49].
Upper level
oai [ >
Ground level 
Fig.2.1 Resonant energy transfer
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Non-resonant transfer takes place where the different energy between both levels is 
made up with assistance of a phonon. In addition, energy transfer can occur between 
ions in their excited states as in up-conversion process. To improve the efficiency of 
laser and amplification, good understanding of energy transfer processes between 
ions is required. Dexter was the first who developed the theory of energy transfer in 
solid material. He reported that there are two factors to improve the probability of 
energy transfer. The first factor is the average ion-ion distance, and the second one is 
the matched energy levels of ions [50].
2.4.2 Cross relaxation (CR)
Cross relaxation is a process o f energy transfer in which an excited ion transfers part 
o f its excitation energy to a neighbouring ion in the ground level. Therefore, the 
adaptor and the acceptor end up in some intermediate level. In cross relaxation 
energy transfer process, the optically excited ion is referred to as the ‘donor’ ion, 
whilst the ion accepting the energy is known as ‘acceptor’ ion. Cross relaxation as 
ion-ion energy transfer requires only that both donor and acceptor ions have two 
manifolds of identical energy gap. The probability of the CR can be calculate by 
using Judd-Ofelt parameters, integral of the donor -  acceptor overlapping and dipole- 
dipole ET assumption [51]. Cross-relaxation process can be helpful and can be 
involved a single type o f rare earth ion, which plays a role of donor and acceptor. 
The cross relaxation process can be used to increase the quantum and slope 
efficiencies of the lasing transition. The Fig. 2.2 illustrates the cross relaxation in 
thulium doped material.
]H a
Fa
Fig. 2.2 Cross relaxation process between one ion in the 
exited state and another ion in the ground state
2.4.3 Up- conversion
One of the several types of energy transfer processes, which occur between ions, is 
up-conversion process. At high rare earth ions concentrations up-conversion 
phenomena occurs, which induce concentration quenching [52]. This leads to lower 
amplification efficiency. For instance in the case of the increasing concentration in 
erbium Er3+ content, the distance between neighbouring ions decreases and non- 
radiative energy transfer can occur ( 4 / 1 3 /2  + 4 / 1 3 / 2 ^ 4 / ] 5 / 2  + 4/ 9/2) as illustrates in
Fig. 2.3. The donor ion in the 4 / 1 3 /2  level transfers its energy to neighbouring one at
the same level. As the difference energy between 4 / 1 3 /2  and 4 / 9 / 2  is close to that
between 4 / 1 3 /2  and 4 / 1 5 /2  , the donor falls to the ground state while the acceptor ion 
prompts to the higher level .
Fig.2.3 Up-conversion energy transfer between two neighbouring Er3+ ions
located at the same level
2.4.4 Multi-phonon relaxation (MP)
Multiphonon relaxation processes between energy levels can occur by the 
simultaneous emission of several phonons. These processes arise from the 
interactions between the electronic levels o f the rare earth ions and electric field 
resulting from the oscillating particles o f the host lattice. It is important to understand 
the multiphonon process as its nonradiative relaxation influences the radiative 
quantum efficiency of the transition between the levels of rear earth ions. Fig. 2.4 
illustrates the multiphonon relaxation process. When the energy gap between the
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excited level and the next lower level is larger than the phonon energy, several 
lattices are emitted in order to bridge the energy gap. For energy conservation, the 
following condition should be satisfied:
N h o  = AE (2.2)
Where AE -  the energy gap between two energy levels, N -  number of phonons, and 
hco -  phonon energy. The multiphonon rates (Wmp) correlates with the energy gap 
(AE) by:
Wmp = Wo exp [ -a AE] (2.3)
Where Wo is the transition probability and a  is expressed by
a  = (hco) In [ N/g(n + I ) ] ' 1 (2.4)
where g is the electron phonon coupling constant and n is occupation number. The 
equation 2.3 is only approximate because both a and Wmp depend on AE.
^ 2  Vi !
e x ----------------- i ---------
£ 0 ---------------------------
Fig. 2.4 Multi-phonon relaxation
2.4.5 Macroscopic approach
The value of the energy transfer between ions depends on spectral overlap between 
sensitizer emission, and activator absorption, mutual ion distance, and quantum 
transition efficiency [53]. In fact, the donor-acceptor interaction will depend on their 
concentrations, i.e. depend on the mutual distance between the donor and acceptor. 
In glass material systems three different interaction processes can be observed 
between the centres, which affect the form of the fluorescence decay: ( 1 ) direct 
energy transfer (2) diffusion-limited relaxation and (3) fast diffusion [54].
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1. Direct energy transfer
This case of the interaction processes can demonstrate when a sensitizer ion transfers 
its energy to an activator ion. Let’s consider c() (r, t) the probability that the donor ion 
is in the excited state at position f  at time‘t \  In the condition of the absence of 
activator and energy diffusion within sensitizers, the sensitizer ion system c(> (t) will 
decay as a single exponential in form e_t/To where Tq 1 is the intrinsic sensitizer decay 
rate. The sensitizer and the activator ions can exchange their energies by direct multi­
polar transfer if  their sites are inside the critical region. The general solution for the 
fluorescence decay <\> (t), for multi-polar coupling is given by Inokuti-Hirayama 
equation [2 1 ]:
4>(t) =  <i>(t =  0)exp ( -  7 - -  %  • T ( l  -  0  • Ca • • ( ;f ) 3/ s) (2.5)
T q 3 V b /  T q
Where 4>(t =  0) is the initial excitation, R0 is the critical transfer distance and Ca is 
the concentration of acceptor ion, S is the multi-polar parameter (S = 6 , 8 , or 10 for 
dipole-dipole coupling, dipole-quadruple, or quadruple-quadruple respectively).
2. Diffusion-limited relaxation
The diffusion-limited relaxation occurs when the rate of the energy diffusion within 
the donor system to acceptors is slow but still comparable to the intrinsic decay rate 
[21]. A general solution for case of diffusion-limited relaxation within the sensitizer 
system and sensitizer- activator energy transfer via dipole-dipole interaction was 
obtained [55].
3. Fast diffusion
This form of ET occurs in the systems with high sensitizer ions concentration. The 
fast diffusion ET exists between sensitizer ions by transfer the energy from one 
sensitizer to another until the excitation comes into the vicinity of activator ion, 
where sensitizer-activator ET can take place. The distances between sensitizer ions 
are small, as the concentration of ions is high. This lead to rapidly diffusion and the 
fluorescence decay o f sensitizer will be exponentially dependence with time
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Where 1/td = UNa, and ‘U ’ depends on type of the interaction. The formula (2.6) 
says that donor rate is proportional to acceptor concentration [56]. Energy transfer 
rate (K) in high sensitizer concentration case can express as
K = I/xsa-1/ts = NaW (2.7)
where W is independent on the concentration. The tsa and is are the lifetimes of the 
sensitizer-activator and sensitizer alone respectively.
The direct transfer and the diffusion-limited relaxation as theoretical frameworks 
were reported in many literature to describe the non-exponential decay of the rare 
earth elements. Non-exponential decay of the 3 H4  and 3 F4  levels of thulium doped 
host materials explaining these two ET types were pointed out [57-59].
2. 5. Characteristics of the thulium and ytterbium
Thulium and ytterbium as active ions play an important role in the investigated 
luminescence processes. Doping with rare earth elements will form active glasses, 
which can be used into the laser and amplifier applications. In this research work, the 
main attention is devoted to the thulium (Tm3+) as the main emitter. Many possible 
transitions and decays can occur in Tm3+ doped glass system and it is beneficial to 
give an overview of all possible ET mechanisms that occur in RE doped glasses.
2.5.1 Thulium (Tm3+ ) spectroscopy
In recent years, there has been a significant interest to investigate Tm3+ doped 
material, because o f its attractive emissions in the visible and infrared regions [60, 
61]. Thulium doped glass appeared a broad wavelength band from 1600 to over 2000 
nm. This wide band considerably attracts attention for tuneable lasing in the ‘eye
safe’ wavelength domain [1]. Literature pointed out another possibility o f tuning in 
the 2200-2460 nm region in Tm:YLF [1]. The favourable spectroscopic 
characteristics of thulium, particularly absorption at 790 nm and its interesting 
emission at 1 . 8  nm make them as a good choice for infrared region applications 
include medical and biosensor [55]. Moreover, the self-quenching process (cross 
relaxation) 3 H4 , 3 H6 —► 3 F4 , 3 F4  produces two ions by one pump at higher laser level
'i
F4 , which intensifies the 1.8 pm emission. A significant effect of this process in the 
case of high dopant concentration and high pumping power can occurs. The 
transitions between levels during CR process deemed to be as a phonon assisted, 
which is exponentially dependence on the energy difference between H4  —► F4 and
3 3F4  —> H6 gaps. The exponential formula, which explains the dependence 
relationship of energy difference between the transitions has been reported by 
Miyakawa -  Dexter [62]. Fig. 2.5 shows the cross relaxation mechanism in Tm ion.
1470 nm
1820 nm
H,
790 nm
Tm 1*
T 1
Fig. 2.5 Cross-relaxation mechanism in Tm
3 3In addition, an important emission is at 1.47 pm which occurs for FL* —► F4
3 3transition. The lifetime of the H4  level is shorter than that of the F4  level. A 
diversity o f pumping schemes o f Tm3+ systems at wavelengths -790 nm, -1200 nm 
and -1600 nm have been used in literature [63, 64]. With pumping at 790 nm, Tm3+ 
ions are excited to the 3 H4  energy level and an excited state absorption (ESA) may 
occur as well. Thus, Tm3+ ions from 3Hs level may prompt to lG4 level as shown in 
Fig. 2.6. Two visible emissions, the blue one is at 478 pm ( ^ 4  —► 3 H 6 ) and the red 
transition is at 650 nm ( ^ 4  —> 3 Hs) were considered. Since 3 F2 , 3 and 3Hs levels are
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very close to the 3 H4  and 3 F4  respectively, then transitions 3F2 , 3 —► 3 H4  and 3Hs —► 3 F4  
are characterized non-radiative.
790 nm
i k
1478 nm
r V
Ik
795 nm
r 1
2307 nm
r
650 nm
r 1
1470 nm 
r V
1
478nm 802 nm 
r '
1820
T
*G4
3F2,3
X
3h 5
Tm3+
'y 1
Fig. 2.6 Correspondent emission wavelengths for Tm
At low dopant concentrations the energy transfer does not occur, however at highly 
Tm3+ concentration energy transfer process will increase until a certain value, at 
which reverse cross relaxation starts up. Clustering can be occurs at high 
concentrations as well, leading to quenching concentration [62]. In some cases the 
acceptor ion is not in their ground state level, therefore the up-conversion energy 
transfer (ETU) and excited state absorption (ESA) processes are introduced. In the
3 3former process, one of the two excited Tm3 ions from the F4  ends at H 6 level 
while the second ion transfers up to a higher energy level. Fig. 2.7 shows this process 
in Tm3+. Existing ETU process in Tm3+ leads to depopulate 3 F4 energy level, which 
has a negative effect on emission from this level and laser performance [65]. ESA 
process is the same of the ETU, in which excited ion into 3 F4 level absorbs another 
photon and prompts to higher energy level. In such process, two photons are needed 
as shown in Fig. 2.7. The ESA process enhances emission from 3 H4  level.
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Fig. 2.7 Excited state absorption and reconversion 
energy transfer in Tm3+ system.
Re-absorption or self-trapping is a resonant process which can considered as a result 
o f interaction between two thulium active ions. The effect of this process it can be 
remarked in Tm3+ at 3F4  —► 3 H6 transition [6 6 ].
2.5.2 Ytterbium (Yb3+) spectroscopy
Ytterbium ions have a number o f important characteristics which make them of 
practical interest. The Yb3+ energy levels system consisting o f two manifolds. The 
ground state level 2 F7 /2 and the excited-state level 2 Fs/2 . It has only one absorption 
band at 977 nm due to 2 F7 /2  —> 2 Fs/2  transition. Yb3+ as a laser-active ion has very 
attractive emission characteristics involved long lifetime which is quite beneficial for 
storing energy, broad emission lines and simple electronic structure, which prevents 
parasitic de-excitation by cross-relaxation (CR), up-conversion energy transfer 
(ETU) or excited state absorption (ESA) [67, 6 8 ]. In addition, low heat capacity, high 
energy conversion efficiency and high quality laser beam are available due to no 
concentration quenching. ESA, up-conversion and multi-phonon relaxation occur in 
this ion [69]. Because o f the wide energy gap between the Yb3+ manifolds (~ 10500 
cm '1), non-radiative multi-phonon decay is prevented and the relaxation from the
excited state 2 Fs/2  is radiative in the majority of host materials [70, 71]. In addition 
ytterbium doped glass has a broad absorption and emission spectrum that enable 
them for tuneable laser [31]. The above features contribute to the high efficiency of 
operation that can achieve in ytterbium lasers. Furthermore, Yb has been widely 
used as a sensitizer for Er3+ [72], Tm3+ [73], Pr3+ [74], and Ho3+ [75], because of its 
an intense broad absorption cross section.
2.5.3 Yb3+ /  Tm3+ spectroscopy
Employing the Yb3+ / Tm3+ ions system can convert the wavelength pump to the 
short wavelength via multi-photon excitation process. Two types o f excitation can be 
used to produce pumping o f the upper laser level: direct and indirect. In our case, it is 
possible to achieve pumping of Tm3+ by Yb3+ energy transfer (indirect method). The 
2 F5 /2 level is located closer to the Tm3+ upper laser level than the initial level. This 
makes the energy transfer process much easier from intermediate to the upper one 
than pumping directly from initial level. The possible up-conversion mechanisms for 
the blue and red emissions based on the Tm3+ / Yb3+ system are presented in Fig. 2.8.
2F  5/2 r
977 nm
2F7/ 2 ----------------
Yb3+
Fig. 2.8 Up-conversion mechanisms for Tm3+ / Yb3+ 
system. Dashed arrows denote non-radiative process
G4
F2,3
650 nm
1820 nm 480 nm
'h .
Tm 3+
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The upper level 2 Fs/2  of the Yb3+ ion can be excited by 977 nm source. Both 
transitions (red and blue emission) can be explained as follows: As a result o f the 
absorption ground state level of Yb3+ ion, consecutive excitation processes occur in 
Tm3+. Non-radiative energy transfer from Yb3+ ion excites the Tm3+ in the 3Hs 
level. Energy from 3Hs can be transferred to 3 F4 , 3 F2 , 3 and 2 Fs/2  + 3 H 6 —> 2 F7 /2  + 
3 H 5 . Tm3+ in the 3 F4  level is excited to 3 F2 , 3 level by both ET: 2 Fs/2  + 3 F4  —► 2 F7 /2  + 
F2 , 3 and ESA: F4  + photon—► F2 , 3 . Another excitation occurs from the F4  level to 
the ]G4  level by nonradiative ET from Yb3+ and ESA: 2 F5/2  + 3 F4 —► 2 F7 /2 + ^ 4  and
n 1 1
H4  + photon—► G4 [76]. Several radiative decay processes can occur involved: G4  
—► 3 H 6 at 480 nm (blue emission), !G4  —► 3F4  at 650 nm (red emission) and 3 F4  —► 3 H6 
at 1 . 8  pm.
• o 1 1  ^1 t
The higher Yb ion concentration, the shorter distance between Tm and Yb , this 
lead to possibility of back transfer process (3 F4 , zF7 /2 —* 3H6 , 2 Fs/2  ), which related to 
the lifetime by [77]
T ( 3 H4 ) Y b - T m  t ( 3 H4 )  Tm
Where t ( 3H4 ) yb-Tm and t ( 3H4 ) im are the lifetimes for the co-doped and singly doped 
samples, respectively.
2. 6. Three and four level lasers
According to pumping scheme, lasers are classified as two, three, or four-level 
systems. Although the energy level schemes of the ions are very complex, they can 
be simplified and considered only as N-fold system. The symbol N here represents 
the number of levels in the excitation and lasing. A schematic o f the three-level 
system [78] is shown in Fig. 2.9.
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Fast decay
Pumping
Laser
Fig. 2 .9 T h ree  level sy stem
Initially, all atoms of the laser materials are at ground level 1. The pump light raises 
these atoms from the ground level into the excited level 3. This process is called 
pumping. Most of the excited atoms decay rapidly and non-raditively into the 
intermediate level 2. Finally, the atoms return to the ground level by the emission of 
a photon. The last transition is responsible for the laser action.
Population inversion can be obtained by studying their conditions with three level 
system in Fig. 2.10. Then the population inversion can be defined by formula [46]
w d - A 2i N
AN =  N2 -  N. = -----2— ——st (2.9)
wp+A2i+2Wi2
Where wp is the rate of pumping between levels 1 and 3 (wp = w n ), N is the total ion 
number density, and Ay is the inverse of the radiative lifetime.
For net amplification AN > 0, implies wp > A2 1N -  the pump rate must exceed the 
decay rate by spontaneous emission.
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3Fig. 2.10 Transitions involved in optically 
pum ped th ree- level system
Stimulated absorption at the signal wavelength W f J may occur in three- level system. 
The W fJ  process reduces the pump efficiency, which is reducing the gain of the 
laser. In four-level pumping scheme this does not occur. Fig. 2.11 shows the four- 
level system [78].
Fast decay
Pump Laser
Fig.2.11 Four-level system
The population inversion in four-level system can be calculated by formula [46] 
A N  = N3 - N 2 = WpTrad N  (2.10)
l + W p Trad
Where wp is the rate o f pumping between levels 1 and 4 (wp -  W14).
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Amplification due to the 3 H4  —> 3 F4 transition at 1.47 pm of Tm3+ is classified as 
four-level system amplification. Lasing due to 3 F4  —► 3 H6 transition at 1.8 pm of 
T nr is classified as three-level system. In the four-level system the lower level of 
lasing is the intermediate state, while in the three-level is the ground state, which can 
be considered as a serious disadvantage.
2. 7. Excited state lifetime measurements
Lifetime measurements can be conducted via exposing the media o f laser to an 
excitation beam. The interaction between the beam and media causes fluorescence 
emission. Its character, which describes several physical processes, can be measured 
imder particular procedures. Lifetime is defined as the time in which the emission 
intensity falls o f the factor o f 1/e of maximum. To calculate lifetime three methods 
are possible: a) Exponential fit. b) Power exponential fit. c) Average lifetime 
calculation.
1. Exponential fit
Lifetime value in exponential decay situation can be calculated using the following 
formula:
I (t) =  I (to) e ~ , / T  (2.11)
2. Power exponen tialfit
This method shows the assumption o f deviation from exponential fit by using the 
power factor in the exponential fit. The method can be used to compare the shapes 
and decay time scales between different systems. It expressed by the next form:
I (t) =  I (to) e ~ (t/x)p (2.12)
According to the equation (2.12), there are three parameters which describe the 
decay function. I (to) parameter is the initial population of the excited level, r  is the 
lifetime of the excited level, and P is the exponential power.
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3. Average lifetime
This approach is used in the cases where the waveform decay is non-exponential. 
Lifetime value in this situation can determine by formula [79]
x = i t ) i m d t  { 2 - 1 3 )
2. 8. Concentration quenching
2.ET.1 Self quenching
The general picture of self quenching is that arising of the ion concentration leads to 
an increasing in the diffusion in the form of non-radiative transitions [80]. The 
fluorescence can be lost by static quenching or inner filter effect. The self-quenching 
is a special case o f static quenching, in which the fluorophore and quencher are the 
same species. Inner filter effect is a measurement artefact instead of quenching 
process. It occurs in samples with very high absorbance. The self-quenching 
behaviour for the limited diffusion case can be described by a quenching rate R q :
Rq = ~ ~  ~ ~  =  KN2 (2.14)
T Tm
Where x is the measured lifetime at given concentration N and Tm is the lifetime for 
low concentration (radiative lifetime). In direct way Weber [54] has expressed the 
constant K in the case of sensitizers diffusion and dipole-dipole interaction as:
K = Sk C ^ 4 Cs3/ 4, where Csa is the transfer constant between sensitizer and activator 
and Css is the transfer constant within sensitizers. Dexter has presented the Csa and 
Css in one formula [81]:C  = ( R o / R  )s/xs . Ro is the critical distance between 
sensitizer and trap, R is the distance between the two interacting ions, S is the multi­
polar index and Ts is the sensitizer lifetime. Similarly, Weber constant (K) is given in 
form K = — -—=■ , in which No is a critical sensitizer concentration defined in terms
2 n x m N l
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1
of a range parameter Ro, where N 0 =  4— - [81]. By manipulating the K and Ro
l nR0
parameters the following formula can be obtained:
T = r m/ [ 1 +  ( ^ ) ( ^ ) 2] (2.15)
By equation (2.15), measured lifetime values can be fitted for identifying the Tm  and 
No values[80].
2. 9. Non-radiative rate
One of the microscopic mechanisms that contribute to characterization of any laser 
dynamic is non-radiative decay from excited to lower energy level. Good 
understanding of lanthanide luminescence required clearly evaluation o f the non- 
radiative contribution. The total decay rate (W j) from an excited state level is 
defined as:
WT = Wr + Wnr (2.16)
Where Wr is the radiative transitions rate and Wnr is the nonradiative transitions rate. 
The Wnr term involves multi-phonon relaxation rate (Wmp), energy transfer rate 
( W e t ) ,  and hydroxyl ‘OH’ groups rate ( W o h ) ,  which illustrates the energy transfer 
rate between active ions and hydroxyl groups [79]. Therefore the nonradiative decay 
rate is given by
Wnr = Wmp + WET + WoH (2.17)
The multi-phonon decay rate occurs due to phonon or impurity vibrations when an 
ion decays to lower level by emission or absorption process. Wmp can be defined by 
Miyakawa -  Dexter formula [82, 83]:
wmp = c. [1 + _ * ] " / » «  e-*** (2.18)
exP t e h 1
Where C is the host-dependent parameter, AE is the energy gap of the transition, ho) 
is the phonon energy, K is the Boltzmann constant and T is the temperature o f the
material. The coupling parameter ‘a ’ is given by a  = ^  In ^ l+— ] l9 where Ni is
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the number o f phonon, g s is the electron-phonon coupling efficiency of sensitizer ion 
and n is the Bose-Einstein distribution of phonon occupation number. The Bose- 
Einstein distribution is expressed as n = 1/exp (ho) / KT )-l.
2.10. Quantum efficiency
The relation that describe the ratio between radiative rate (W r ) to the total decay rate 
which includes nonradiative and radiative part (Wr + Wnr) known as quantum 
efficiency (r|). This relation can be expressed as ratio between measured and 
radiative lifetimes. In general this is ratio less than one, however in some cases it 
may take value more than one. The quantum efficiency formula can represents as 
following [84]:
1) =  Wr =  <  !  (2.19)
1 W r +W nr Trad  v '
From equation (2.19), it can be seen that the ratio between measured and radiative 
lifetime also presents the quantum efficiency. In the case of co-doped glasses, ET 
efficiency (rj) can be calculated by measuring sensitizer lifetime (ts ) and sensitizer- 
activator lifetime (rS/1) [85,86]:
r| =  1 -  —  (2.20)
TS
2.11. OH Q uenching
The presence of OH groups into RE doped glasses can seriously affect the 
fluorescence quantum efficiency o f the emitting trivalent RE. OH groups may exist 
as a result o f the starting materials and atmospheric moisture during the melt process 
[87]. To avoid the contamination o f these groups, there are many procedures via 
variations in composition and synthesis. For example dry-air bubbling was done 
during the melt for decreasing the OH groups in glasses [88]. In addition it has 
reported that very low OH content were obtained in sodium alumino-phosphate 
glasses co-doped with Yb3+ and Tm3+ prepared in air [89].
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2.12. Radiative Transitions Theories
The following subsections describe several methods that can be used to calculate the 
radiative transitions or model their parameters.
2.12.1 Fuchtbauer -  Landenburg Theory
The Fuchtbauer -  Landenurg (FL) theory analyses the fluorescence spectrum. The 
FL equation is part of a procedure for defining emission cross section. According to 
this theory, the wavelength-dependent fluorescence intensity is proportional to the 
emission cross section times the fifth power o f the optical frequency [90].
The relation between radiative lifetime and emission cross section can quantitively 
be described by the formula [57]:
^  f  V2 <Tem(v)dv =  87rn2 f ^ f ^ d X  (2 .21 )
Several forms are available of FL equations and with the assumption that the 
fluorescence intensity I (A) is proportional to the emission cross section, FL equation 
takes form:
n- m  -  14 /(A) n m° e m W  ~  8 n cn 2Trad j /(A)dA
Where X is the peak emission wavelength, n is the refractive index, C is the vacuum
1
velocity o f light, and -  =A is the spontaneous emission. The Fuchtbauer -
T
Landenurg theory has been commonly used for rare earth elements and is grounded 
in the fundamental of the Einstein A and B coefficients.
2.12.2 McCumber's Theory
The absorption and emission cross-section parameters are used to explain the 
efficiency o f the electromagnetic -ions interaction [91]. Thus, the absorption and 
emission spectra of the RE are the fingerprints o f the energy levels of the 4 f inner 
electrons [92]. Knowing the absorption and emission cross-sections, one can 
engineer the host material for active laser devices. In addition, by using the
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absorption and emission cross-sections, the gain parameter of an optical medium can 
be calculated. The equation (2.23) shows how to calculate the gain through 
absorption and emission cross-sections [59]:
K A ) =  N2a em(X) -  Nl(xabs(A) =  N1[ ^ a em(X) -  a abs(A)] (2.23)
Where y (A) is the gain o f the medium (cm'1), a em is the emission cross section, 
a abs is the absorption cross section and Ni and N2  are the population of the levels 1 
and 2 respectively. As demonstrated by Me Cumber [93], the emission and 
absorption cross sections are related each other as a following:
(’em O)  =  CTabs exp [ ^ ]  (2.24)
Where h is the Planks constant, V  is the frequency of the wave emitted or absorbed,
K is the Boltzmann constant, T is the temperature in Kelvin and £  is temperature 
dependent excitation energy.
The experimental emission cross section can be evaluated by:
= 8 n n 2c. f  dX (2.25)
Where T e is the spontaneous emission lifetime and n is the host refractive index. The 
Me Cumber theory is valid under certain assumptions for obtaining reasonable cross 
section values [94] including :
• The lifetime of the manifold is longer than that o f the time taken to achieve 
thermal equilibrium in each manifold.
• The spectral width o f every level is small when compared to thermal 
distribution KT.
This theory applied to explore the quantitative relations between different optical 
properties of laser gain media such as rare earth doped gain media. The Me Cumber 
theory refers to the effective cross sections o f absorption and emission of light in the 
physics of solid state lasers. The emission and absorption cross section are not
27
independent, they are related with each other as shown in equation 2.24. 
Me Cumber theory does not allow determining the other important parameters such 
as radiative lifetime and branching ratios. Then another theory to evaluate these 
parameters will be presented in the next sub-section.
2.12.3 The Judd -  Ofelt Theory
The Judd-Ofelt theory is powerful and important. It is widely employed to estimate 
transition probabilities between states of 4f system. In addition it used to look for 
new laser transition and to calculate radiative lifetimes and emission branching 
ratios. In case o f studying the performance of doped glasses, it is important to have 
knowledge of the intensities of 4 f states transitions. These spectral intensities can be 
obtained utilizing the JO theory [95, 96]. This theory can be used to analyze the 
absorption and emission spectra of rare earth ions in solids, and compute their 
transition properties, line strengths, energy lifetimes, and emission cross sections. 
The Judd-Ofelt parameters can be calculated with fluorescence lifetimes.
The spontaneous emission rate is given by:
A _  64n4e2 rn(n2 +2)2 r  , _ 2 r  i
— ' —„ [ ed ' ^  ^ m d J (2.26)JJ 3 / l ( 2 / + l ) A 3 L 9  t u  ML>1
Where /  is the total angular moment of the final state, SED is electric dipole line 
strength and SMD is the magnetic dipole line strength.
The radiative lifetime can be expressed in terms of spontaneous emission 
probabilities as:
T o ^ I y  A{) (2.27)
The fluorescence -  branching ratio from final state is given by:
^ = 5 -  (2-28>
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Chapter 3
Modelling
3.1 Introduction
The modelling of a laser requires several input parameters to describe all processes. 
Then a set of parameters is usually needed to account for any laser system. For 
modelling systems, the challenge is in accurately measuring or predicting many of 
these parameters. The approach is then to make some assumptions regarding the 
energy transfer, transitions, and decay processes into the laser system.
Thulium doped laser systems are important sources for lasing close to 2 pm. This 
wavelength domain is attractive in a number of applications, such as medicine and 
surgery field and remote sensing applications. The 2 pm lasing sources have gained 
special interest, because o f their potential for efficient pumped operation. However, 
lasers with these materials face key issues, including re-absorption, increased 
threshold and up-conversion processes. To develop efficient laser with thulium 
systems, it is benefit to study laser simulation models where the reported problems 
are taken into account.
3.2 Choice of pump wavelength
The absorption spectrum of thulium doped tellurite glass exposes various choices for 
a pump wavelength for thulium laser system. The most interesting pump 
wavelengths are at 800 nm (3 H4  level), 1 2 0 0  nm (3Hs level), and 1600 nm (3 F4 ). 
Thulium has a strong absorption band near 800 nm, which correspond to the 
transition 3 H6 —> 3 H4 . For this reason, a laser diode operating around 800 nm was 
used as the pump source.
Pumping Tm3+ system at wavelength 1600 nm makes it acts as two-level system. An 
in-band pumping scheme ( 3 H6 —> 3 F4 ) was applied for 2 pm Tm3+ doped tellurite 
fiber laser [97]. The other possibility for pumping Tm3+ ions is pumping into the 1.2
29
pm, which correspond to the transition 3 H6 —► 3H 5 absorption band. However, in case 
o f high-power, laser diodes emitting at this wavelength are not available. [98].
According to the above discussion, therefore, the 800 nm absorption band was 
chosen as a pump wavelength in our study. When Tm3+ doped glass pumped around 
800 nm, emission undergoes in two broad bands. The first is centred at 1.4 pm, 
which is important in the development of fiber optic amplifiers. The second is 
centred at 1 . 8  pm which is also important for the construction of laser systems.
3.3 Modelling Tm doped glass
Lasing close to ~2 pm using tellurite glass host has been reported in literature [99]. 
Previously mentioned properties o f tellurite glass make them an efficient and reliable 
host material. In this section, a proposed model has been used for studying some
• * 3+transitions in Tm system. This model constituted on rate equations system, which 
describes the populations in the many energy levels. Behaviour o f the laser system 
has been simulated. The rate equations were determined according to the energy 
level scheme o f thulium, which shown in Fig. 3.1.
Nq
N2
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785 nm 
N0 d
1470 nm
7 \
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V
Figure 3.1 Simplified energy level diagram of Tm3 +
In Tm3+ diagram, the upward arrow from 3 H6 to 3H4  level describes the pump power
3 3 3 ^
transition rate ( W 0 3 ) .  The slide downward arrows from H4  to F4  (1470 nm) and F4  
to 3 H 6 (1800) represent the signals o f the radiative spontaneous emission. The arrows
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Cr represent the cross -  relaxation transition. The model of Tm laser including the 
rate equations that describe the relationships between the pump and all transitions 
and processes.
With reference to level schemes that is more complex [100] we considered the level
3 3H5 to be empty due to fast relaxation to F4  without losing in precision for our 
investigation. Below we report the corresponding rate-equation system we used to 
analyze our experimental data.
^  =  - w 0 3 W0  +  ^  ^  -  CR {NTm)N 3N0 (3.1)
1 7  =  7 1  -  7 1  +  2CR(NTm)N 3N0 (3.2)
a t  t 31
^  = W03N0 -  t 2- -  7 1  -  CR(NTm)N 3N0 (3.3)
a z  t 30 t 31
The model includes pump ( W 0 3 )  mechanism, and cross-relaxation mechanism ( C r ) .  
Where N o ,  Ni, and N 3  are the populations of Tm3+ ions in the 3 H6 , 3 F4 , and 3 H4  levels 
respectively, W 03 the pump rate (s '1) and C r  the cross relaxation parameter, the i xy 
are the lifetimes o f the x to y transition and xz is the lifetime of level z. Note that 
T3=(t3 1 '1+T30"1) ~ 1 - At steady state the time derivatives in the rate equations are equal to 
zeros. Considering the conservation law of Tm3+ ions populations, we can also write:
N t =  N 0 +  N i + N 3 ( 3 .4 )
The pump absorption is given by
W03 = (Ja(Ap) FPN 0 (3.5)
Where oa(Ap) is the absorption cross section at pump wavelength and Fp is the pump 
photon flux. The pump photon flux is given by
Fp= P p/hl7p (3.6)
Where Pp is the pump power, h is plank constant, and V p is pumping frequency .The 
ab o v e  ra te  e q u a tio n s  sy s tem  can be  so lved  using a su itab le  num erica l p ro g ram .
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What is important is now to correlate the parameter o f the model with the data we 
can obtain from experiments. In particular once we measure the lifetime of the level 
H4  we have, Using the above rate equations system of Fig.3.1, the cross-relaxation 
rate C r N o can be measured using the relation [38] from the measurement of the 
experimental lifetime of 3 H4  level:
+ C r N 0 and therefo re  C R =
A U A ti t
30 T 3l
+
T3] 730 J
(3.7)
Where T3 0  is the measured lifetime of the 3 H4 level. The measurement of lifetime of 
H4  can be made by observing the emitted radiation at 1470 nm. However as we will 
discuss later this requires an experimental set-up with time resolution of the order o f 
1 gs or below.
An alternative solution is to investigate the steady-state emission of 1470-nm 
radiation from 3 H4  level and the 1800 nm radiation from 3 F4  level. By setting all 
derivatives equal to zero in eq. 3.2 we obtain
2 N 0
1 + *<
r 31
(3.8)
If we now apply the Fuchtbauer-Landenburg rule [101] that related the transition 
lifetime to emission spectra and emission cross section and the relationship that 
relates the amount of emitted spontaneous photons to excited ions and emission cross 
section [1 0 2 ] we find the two general relationships:
' • ' W '  " ^ 7 7  13101
Where ay, Ayinorm, Ty are the emission cross section, the Area o f emission spectrum 
normalized to the maximum and the transition radiative lifetime; H and K are 
constant independent from the transition, n the glass refractive index at transition 
wavelength; &tJ the number of photons emitted at peak wavelength in a frequency
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interval Av, Nj the excited ion population, and Xp the wavelength of the peak of 
emission spectrum. By combining the two equations we finally have:
i j ,norm (3.11)
If we now rewrite the Eq.3.8 and we use Eq.3.11 for the 1800 nm and 1470 nm 
radiation we have:
Where p3i is the branching ratio o f the 1470 nm transition and Ti;o is the lifetime of 
F4  for an isolated ion. This formula will be used to calculate the cross relaxation 
even for highest doped samples where Eq.3.7 fails due to experimental resolutions 
limits.
3.4 Simulation
To explore the effects o f cross-relaxation energy transfer on the population densities
• “3 1 'l
of the ions at H 6 , F4  and H4  levels, simulations have been carried out. To simplify 
the simulation, a three level system is employed in the model. We assumed a low 
pumping regime and that the almost Tm3+ ions were in the ground state. Fig. 3.2 
shows the simulation o f the population densities at given CR for 1.08 Tm3+ sample.
31  ^v 3  ^1 J  ^ i Y 0 | _  31 3
/? 3 1  ^ ^ , 3 1 ^ 1 0  A o,n orm n  (^ p ,lo )  T\
2 ^ 0  T3 _ A  Vp ,l 0 ^ 3  A p , l  0 ^ 3 \norm U  {^ p ,3 1) *
1 1 N, 1 1  t* M
--------------- + -----------= ------------------- H-----——-
(3.12)
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Fig.3.2 Sim ulation for Tm 3+ sample with concentration o f  2.28x1026m"3
3.5  F itt in g
For well description o f  the fluorescence from T m 3 ion, m atlab program  and single 
exponential fittings to the decay waveform  has been conducted. The fittings were 
applied to the decay from both levels ’T f and 3 F4 to characterise the lifetime values.
The decay curves from 3 F4 level exhibit exponential behaviour. As instant. Fig. 3.3 
illustrates a m atlab program  fit to the V 4  level decay for T1.08 sample.
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Fig. 3.3 a program  fitting to the F4  level o f  T1.08 sample
From  Fig. 3.3 it can be concluded that the program  fitting succeeds to describe the 
decay curve for m ost time.
C hapter 4
Thulium doped tellurite glasses
4.1 Experimental techniques
All sam ples o f  bulk TZN tellurite glasses used in our experim ents were m ade with 
the com positions 7 5 TeO 2 -2 0 ZnO -5 N a 2 O (mol %) and were doped w ith various 
am ounts o f  Tm 3+ concentrations (0.36 wt up to 10 wt %). The em ployed chem icals 
and their purities were the following: TeCb (99% ), ZnO (99,99% ),
N a 2 C 0 3 (9 9 ,9 9 5 %). In order to m inim ize the hydroxyl ion (OH) content, w hich is 
necessary for achieving good laser perform ance, glasses were prepared by m elt 
quenching from batches inside a glove box in a dry atm osphere. Fluorescence 
m easurem ents were conducted, in which Tm 3+ fluorescence was excited by a laser 
diode at 785 nm, and em ission spectra were observed in bulk glass sam ples. Lifetim e 
m easurem ents were carried out by m odulating the excitation source and fluorescence 
decays in bulk glass sam ples were recorded by DSO 5034 Agilent Oscilloscope.
Fig. 4.1 displays the experim ental setup that w as used to pum p the T m 3+ doped 
tellurite glass and m easure lifetim e values.
Glass785 nm Laser 
diode
Oscilloscope Photodiode
Figure 4.1 Experim ental setup
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The aim is to measure the absorption and emission spectra of glass samples with 
different doping concentrations at room temperature.
In order to excite thulium ions, the pump beam from 785 nm laser diode was first 
collimated and then focused into the glass sample. The beam was focusing in a small 
area at the edge o f the sample to reduce undesired effects of radiation trapping and 
re-absorption that may alter the measurement. The signal was collected orthogonally 
with respect to the excited beam, then focused on photodiode using a collimated lens 
with focal length o f F = 20 mm and diameter of D = 18 mm. The collecting lens had 
a limited numerical aperture. This reduces the signals but also reduce the lifetime 
measurement errors due to re-absorption. Before photodiode a long-pass filter with 
cut-off at around 1500 nm was used to measure the 3F4  level lifetime while a 1450 
nm pass-band filter was used to measure the 3H4  lifetime. The spectra were recorded 
by spectrometer covering the 900 nm -  2500 nm wavelength interval (Ocean Optics 
mod. NIR-256).
To ensure that no self trapping was going to alter the lifetimes and emission spectra 
measurement we measured lifetimes by focusing the pump on the edge and 1-mm 
within the samples and we found the same values. For two of the samples, Fig. 4.2(a) 
shows that no variation had been observed up to 0.6 mm. On the contrary Figure 
4.2(b) shows that the emission spectra are affected if  we focus within the bulk. In this 
figure we show the emission spectra o f 3F4 radiation of all samples normalized to 
peak value and with pump focusing on the sample edge (within 0.3 mm from 
surface) and the spectra o f T7 when focused at 0.9 mm. The shift is mainly due to re­
absorption of phonons emitted directly from the pumped volume. Instead Fig.4.2 (a) 
we do not see any effect since re-absorption only decrease the signal but does not 
alter the lifetime measure.
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Fig.4.2 (b )  Emitted spectra for T7 with pum p focu sed  at 0 .3  mm (solid line) and 0 .9  mm  
(dashed  line) focu sed  from the  ed ge .
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4.2 Tm3+ spectroscopy in tellurite glass
Sam ples o f  Tm -doped tellurite glasses were excited at the w avelength o f  785 nm. 
Two transition bands centred at 1.47 and 1.8 pm , which corresponding to H 4  —► F4
3 3 *and F4  —* H 6  respectively were observed. The infrared em ission in the 1300-2200 
nm spectra was obtained for given samples. Fig. 4.3 shows the fluorescence spectra 
corresponding to 3 H 4  — > 3 F 4  and 3 F4  —> 3 H 6  transitions norm alized to 3 H 4  —> 3 F4  
transition. The spectra show  a strong em ission band centred at 1800 nm  and less 
intense em ission band at 1470 nm. The intensity o f  the em ission corresponding to the 
3 H 4  —► 3 F4  strongly decreases w ith respect to the increasing o f  the T m '+ 
concentration. The grow th o f  the intensity o f  the 1.8 pm  in com parison to the 1.47 
pm  as the Tm 3+ concentration increased had been previously observed, and this is 
evidence o f  the cross-relaxation betw een both transitions [ 103,104 ].
TO.36
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Fig. 4.3 N orm alized em ission spectra o f  all sam ples at 1800 nm
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From this scheme as the dopant concentration arises, the intensity of the 1.8 pm band 
increases in comparison of the 1.47 pm peak. Full width at half maximum (FWHM) 
of the 1 . 8  pm band is up to 2 0 0  nm, which appears broader than in the case of silica 
150 nm [ 100 ] and 125 nm in ZBLAN glass [44]. This wide broadening is good for 
enhancing the turning lasers employing a tellurite glass hosts. Some o f the 
fluorescence bands of the 3F4  level are shifted towards longer wavelength due to re­
absorption effects.
Fig. 4.4 illustrates the emission ratio with respect to the Tm concentrations. From 
this figure the relatively increasing in emission of 3F4  manifold with an increase in
O i
Tm concentration is probably resulting from cross-relaxation between the two 
transition bands. This ratio could give an insight into the concentration dependence 
o f the efficiency o f the CR process. According to dopant concentration, it could be 
noticed that cross-relaxation process has affect up to 3 mol %. Less 3FLt emission for 
higher dopant concentration can be observed.
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Figure 4.4 Emission ratios between 3F4  and 3H4  bands.
40
4.2.1 Absorption spectra
Fig. 4.5 shows the absorption transitions for the sample T3 with concentration of 
6.84 x 10 2 0  cm ' 3 . This figure is characterized by the bands corresponding to the 
transitions starting from the ground level 3 H6 to other higher levels. The transitions 
were labeled as !G4 , 3 F3 , 3 FLi, 3H 5 and 3 F4 .
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Figure 4.5 Absorption transitions spectrum for sample T3
2 303Absorption coefficient (a) was calculated by using the relation a  = , where L is
the sample thickness in cm (samples were used in the measurements have a thickness
• 3+ .of 1-2 mm). The absorption spectrum shows the suitability of Tm for pumping at ~ 
800 nm into the 3FLt level. This feature was employed in Tm3+ co-doped Ho3+ system, 
since Ho3+ ions do not have any absorption bands close 800 nm for pumping [38].
Fig. 4.6 shows the absorption cross section of the Tm3+ doped tellurite bulk glass T3
• • 26  2sample used in this work. The peak absorption cross section value is 6  x 10 ' m .
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Fig. 4.6 Absorption cross section of Tm+ 3 doped tellurite glass T3 sample.
Two absorption bands 3 FLi and 3F4 of the five bands indicated in Fig. 4.5 were chosen 
for the calculation. The radiative probabilities and the branching ratios of these two 
brands are shown in Table 1.
Table 1 the spectroscopic properties o f Tm3+ ions in 7 5 TeO2 -2 0 ZnO-5 Na2
Transition A (n m ) AijCs'1) P
3f 4 - - h 6 1.8 378 .7 1
3H 4 - -+3f 4 1.4 2688.1 0 .0762
In the table 1 A j / s '1) is referring to spontaneous radiative transition from (i) level to 
(j) level and P is branching ratio.
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4.2.2 Emission spectra
The emission associated with the Tm3+ transition from 3 H4 —^ ¥ 4  covers the spectral 
range from 1440 to 1520 nm [105]. Hence, Tm3+ doped glass could be desirable for 
S-band optical amplification. Fig. 4.7 shows the normalized emission spectra of 
Tm3+ in T0.36, T0.72, and T1.08 samples. It shows that the spectra have a peak at 
1470 nm. From this graph, it is clear that fluorescence becomes broader at higher 
Tm3+ mol %. The full width at half maximum (FWHM) value is about 105 nm. 
Obviously, the FWHM increases with increasing Tm3+ content. The bandwidth 
properties o f the optical amplifier can be evaluated from the product FWHM x ae. 
The larger the product is, the better are the properties o f amplifier. The McCumber 
theory [93] is reported how to calculate the emission cross-section (oe).
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Fig.4.7 Normalised emission spectra of the 3 H4 —»3 F4  transitions
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4.2.3 Lifetime measurements
From the theoretical investigation we need to know the lifetime of H4  level for all 
samples to calculate the cross relaxation parameter or, alternatively, the lifetime of
3 • • 3™F 3F4  level and the emission spectra. As shown in Fig. 4.8 the measured Tm : F4  
lifetimes with varying Tm3+ concentration showed a significant drop from 2.5 ms in 
the 0.36 wt %  Tm3+ sample to 0.07 ms in the 10 wt % sample, where dropping 
process illustrates the concentration quenching effect. Using the setup-up described 
in Fig.4.1 we measured the lifetime of 3 H4  and 3F4  levels and we fit the experimental 
lifetime values using the formula proposed by Auzel et al [80]: Lifetime values were 
calculated for all samples and are reported in Table 2.
i . O
1 +
2 tt (4.1)
Where x is the measured lifetime at a given concentration N, x 1,0 is the lifetime for a 
single isolated ion. The quenching concentration Nq represent the value at which the 
quenching becomes relevant. Figure 4.8 and Figure 4.9 shows respectively the 
measured values. The experimental data are in good agreement with the fit curve. 
The Tm3+: 3 H4  lifetime values were difficult to collect in case o f high concentration.
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Figure 4.8 Correlation between 3 F4  lifetime and Tm3+ concentration
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Figure 4.9 shows the values of the measured lifetimes of the 3KU level. In this figure 
only samples up to 4 mol% were recorded. In fact the speed of the photodiode was 
limited to microsecond and at the present we were not be able to measure lifetime 
shorter than that values. The quenching concentration (Nq) for 3 F4  level fitted using 
the formula proposed by Auzel et al was about 1.45 x 102 0  cm ' 3 while the radiative 
lifetime (io) was about 2.64 ms. For 3 H4  level the Nq was 1.10 x 102 0  cm ' 3 and the To 
was 0.37 ms. For sample T5 and higher concentration the lifetime of 3 H4  level was 
affected by the resolution of our system and we did not consider it a reliable data. 
However we were able to calculate the C r  for the first six samples.
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Figure 4.9 Correlation between 3 H4  lifetime and Tm3+ concentration
Table 2 shows the measured lifetime values. In this table we can see that the lifetime 
values are decreased with respect to the increasing in dopant concentration. This case 
is attributed to cross-relaxation process 3 H4 , 3 H6 —► 3 F4 , 3F4 .
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Table 2 Lifetime values o f 3 H4  and 3F4 levels
Sample T m 3+ 
x 1 0 2 6 m - 3
3 H4 (ps) 3 F4 (ms)
TO.36 0.82 317 2.5
TO.72 1.65 2 2 0 2
T1.08 2.28 130 1.3
T2.14 4.87 34 0.74
T3 6.84 19.9 0.53
T4 9.06 1 2 0.33
T5 11.3 - 0 . 2
T6 13.5 - 0.17
T7 15.7 - 0.13
T10 2 2 . 1 - 0.07
4.2.4 Concentration quenching of the 3H4 and 3F4 emission
The concentration dependence o f the quenching ratio ( R q )  can be expressed as 
1 1
R0 = -----------, where i m is the measured lifetime and To is the radiative value. Av Tm T0
slope equal to two was obtained in Fig. 4.10 which indicates the CR process presents 
in the case o f fast diffusion.
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Figure 4.10 Logarithmic dependence of quenching rate and Tm3+ concentration.
4.2.5 Cross-relaxation mechanism
The emission o f the 3 F4  —► 3 H6 band is due to the cross-relaxation process 3H4 , 3 H6 —*■
3 3F4, F4. This process was showed at Fig. 3.1. As a result o f this process, a quantum 
efficiency o f two can be acquired [106]. Two important parameters are connected to 
cross-relaxation. The first one is the overlap between absorption transition (3 H6 —> 
3 F4 ) and emission transition (3 H4  —> 3F4 ). The second parameter is the average 
distance between two neighboring Tm+ 3 ions. These parameters should be well 
understood in order to enhance the cross-relaxation process. According to the model 
system (3.1, 3.2 and 3.3 equations), it is clear that as the thulium concentration 
increases, the cross-relaxation becomes more powerful parameter. Cross relaxation
o 1
( C r )  process influences the strength of the luminescence bands. When the Tm 
concentration is high, a Tm3+ ion decaying from 3FL level to 3F4 level gives energy to 
another Tm ion in its ground state and both ions ended in the energy level F4 . This 
can lead to a reduction in the intensity of the 1470 nm in relation to the 1800 nm. 
Therefore, it is important to determine the ratio of active ion concentrations in the 
development of Tm3+ doped glasses applications, where cross relaxation mechanism 
plays an effective role.
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The results o f evaluation the C r  parameter and its dependence on Tm3 + 
concentrations are shown in Fig. 4.11. The data present a linear increase with respect
3 "1“to the Tm concentrations. From this dependence we can conclude that CR process 
is the only ET process that affects in the dynamic of the levels.
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Figure 4.11 Cross-relaxation parameter
Using data from emission spectra and Eq.3.12 we calculate the Cross-relaxation 
parameter. Since the detector bandwidth was similar at 1470 nm and 1800 nm and 
the refractive index variation if below 1% we used the following approximated 
equation:
Where R = (& k /0 3 i) depends on the measures and k  contains all other
constants k -  (A,pio/ A/p,3i) (Aio,norm/A3ijn0rm) 0  ^ (^p,io)/^ (^p,3i))(^^p,3i/ AVp io)- Since
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the two peak wavelengths are 1470 nm and 1800 and the normalized area of the 
A 3 i,norm is half the normalized area Aio,norm we have k=1.22. We remind that T31 is the 
radiative lifetime of the branching ration of 0.076. Where 1 3 1 = X3 / P3 1 .
Fig. 4.12 shows the values calculated with two approaches. The overlapping until T4 
is excellent. In both cases the inversion o f the ground level was normalized using the 
amount of emitted fluorescence under comparable pumping and light collection 
condition. The fitting shows a linear dependence of C r  from Tm concentration. The 
data suggest a quite clear linear increase even for highest doped samples.
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Figure 4.12 Cross-relaxation versus Tm concentration.
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In summary the cross-relaxation parameters values for the samples have been 
evaluated and reported in table 3, where CR1 and CR2 are the cross relaxation 
parameters resulting from using formulas 3.7 and 3.12 respectively.
Table 3 Cross-relaxation param eters.
Sample Tm3+ (xlO20 cm '3) CR1 (x lO 17 cm'V1) CR2 (xlO 17 cm'V1)
TO.36 0.82 0.56 0.50
TO.72 1.65 1.13 1.00
T1.08 2.28 2.19 1.17
T2.1 4.87 6.11 5 .4 0
T3 6.84 8.00 5.60
T4 9.06 10.20 8.50
T5 11.3 — 8.70
T6 13.5 — 11.20
T7 15.7 — 11.00
T10 22.1 - 16.10
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Chapter 5
CONCLUSION
Spectroscopic investigation of thulium doped tellurite glass (7 5 TeO2 -2 0 ZnO-5 Na2 O)
3_j_
has been implemented. The optical properties o f an exhaustive series o f Tm 
samples from 0.36 wt up to 10 wt have been studied. The main interest on cross­
relaxation energy transfer has been considered and the obtained results can reported 
as below:
Absorption spectrum of given samples were recorded at room temperature. 
Absorption cross-section for ground state 3 H6 from 400 to 2100 nm was obtained. 
The theoretical discussion of Judd-Oelt theory was reported in the second chapter of 
this thesis. By using JO theory lifetime and branching ratio values have been 
calculated.
By using the excited source 785 nm laser diode, emission spectra of bulk glass 
samples at IR wavelength region have been measured. With respect to the increasing 
o f the concentration level, reduction of 1470 nm fluorescence intensity was showed.
 ^ T IThe measured lifetime of F4  level drops from 2.5 to 0.07 ms when the Tm 
concentration is increased from 0.36 wt % to 10 wt %, showing the concentration 
quenching effect. Shifted emission peak of thulium 7 wt % at 1800nm was observed.
The other step o f this work involved the study of the exponential fluorescence decay 
characteristics o f both levels 3 H4 and 3 F4 . Two techniques of fitting were applied to 
the fluorescence decays to obtain the fluorescence lifetime values. The maximum 
reported lifetimes of the 3 H4  and 3 F4  levels were 317 ps and 2.5 ms, respectively. The 
dropping in the 3FL lifetime from 317 ps to 12 ps was attributed to the cross­
relaxation process. Further spectroscopic studies of the Tm3+ doped tellurite glasses 
found the beneficial cross-relaxation process has a remarkable effect on the F4  
population. The data o f cross relaxation parameter in the thulium-doped glasses was
 ^1 ^
found to increase linearly with increasing Tm concentration.
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To limit re-absorption of the emission from excited Tm3+ ions by other neighbor 
Tm3+ ions the pump beam was focused at the sample edge. In case of high Tm3+ 
concentration the re-absorption effect causes in shifted towards lower energy. 
Utilizing heavily Tm-doped tellurite glasses as active media of short cavity and thus 
compact fiber lasers is required high Tm3+ amount. However, too high amounts can 
lead to concentration quenching and lifetime shortening, which considered as main
3+factors for reducing quantum efficiency of laser device. The increase m Tm content 
affects the fluorescence properties. Vanishing of 1470 nm emission peaks is due to 
cross-relaxation process that leads to improving the lasing efficiency at 1810 nm.
3+
Fitting curves o f lifetime values with respect to the Tm concentrations show a Tm 
concentration quenching.
The intensity o f the 1470 nm band was very low, which make measuring H4  lifetime 
so difficult and for high dopant concentration the CR process strongly quenches the 
emission from the 3 H4  level. A critical sensitizer concentration No of magnitude of 
(1.45 ± 0.11) xlO2 0  cm ' 3 and radiative lifetime To = (2.6 ± 0.1) ms are obtained. 
Finally, the results of calculation the cross relaxation parameter in a range from 0.36 
to 4 mol %  have been presented and the CR shows a marked linear behaviour.
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